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Unti l recently, there were essentially two systems of seated wheeled mobility: conventional manual wheelchairs that relied solely on the user or helper to propel the chair and power mobility (both wheelchairs and scooters) using motors to drive the wheels. Manual wheelchairs are relatively lightweight (typically 17-40 lbs for an adult), easy to manipulate and can be transported in most vehicles without special adaptations. Yet, by relying solely on the user's own physical power, many environments are not practically accessible. Carpets, rough terrain, and even small inclines or slopes increase the effort and energy cost of mobility. [1] [2] [3] [4] A growing body of evidence suggests that the repetitive stress of manual wheeling has serious negative consequences. [5] [6] [7] [8] [9] Cooper et al. 8 concluded that manual wheelchair users are particularly susceptible to a variety of bone, joint, and repetitive motion injuries that may not have time to adequately heal when manual wheelchairs are the primary mode of mobility. Bonninger et al. 5 recommended that peak forces imposed on the upper limb during wheeling and push frequency be minimized to prevent or forestall the injury related to long-term wheelchair use.
Power mobility demands very little of the user's strength and endurance, but this may not be desirable in all instances. 10 Physical inactivity seems to occur disproportionately among those with disabilities, contributing to obesity and a cycle of deconditioning and further decline. 8 Further limitations of power mobility include the weight of the devices (typically 150 lbs or greater) and difficulty in transporting the devices. 10, 11 Often, expensive vehicle modifications and mechanical lifts are required.
To address the limitations of conventional manual and power mobility, a third option has emerged: power assist wheels (PAWs). 12 When PAWs are attached to a manual wheelchair or in systems where the PAW is integral to the wheelchair, the term pushrim-activated power assist wheelchair (PAPAW) is often used. PAWs require users to stroke the pushrims to activate small, lightweight motors that drive the wheels for a brief period of time (seconds). To keep PAWs moving, users must continue to stroke the pushrim as they would if they were propelling a conventional manual chair. Compared with manual wheeling, use of PAWs requires less user strength and endurance to propel, which is especially beneficial on inclines, uneven terrain, and carpeted surfaces. 11, 13, 14 Compared with conventional power wheelchairs, PAWs are lighter and thus likely to be easier to transport. 11 Laboratory studies have demonstrated that PAWs require less effort and energy compared with conventional manual mobility, as manifested by lower heart rate, less activation from upper limb and trunk muscles, reduced stroke frequency and range of motion, less perceived exertion, and less oxygen consumption. 11, [13] [14] [15] [16] [17] [18] It should be noted that PAPAWs are heavier than comparable manual wheelchairs, and thus more challenging to transport, and may not be as intuitive to propel. They are also more expensive than comparable manual wheelchairs and require recharging and battery maintenance. Despite the apparent utility of PAWs, little is known about their actual impact on users' daily life experiences and events. Although there are many dimensions of enablement, it is appealing to use distance traveled as a primary outcome to measure the impact of PAWs on users' lives because the central purpose of wheeled mobility devices is to facilitate travel. In other words, a key question is whether wheelers travel farther when given an opportunity to use PAWs than when in their own conventional wheelchairs.
Except for differences in participant sample, Ding et al. 19 (7 manual wheelers with paraplegia) and Fitzgerald et al. 19 (15 with tetraplegia) used similar methodology to investigate the impact of PAPAWs in wheelers' every-day lives. Both studies used a crossover design with subjects acting as their own controls. During the 2-wk baseline phase, wheelers' activity in their own manual wheelchairs was monitored with both a data logger and survey instrument. This was compared with the 2-wk intervention phase, where the users were given a Yamaha JWII PAPAW, which was selected to be similar to the users' own chairs. During the experimental phase, the users were free to use either their own chair or the PAPAW.
Results of these studies showed that users chose to use the PAPAWs and their personal wheelchairs at similar frequency during the PAPAW phase of the trial. The distances traveled were not significantly different between the PAPAW and manual chairs, although the participants traveled more quickly in the PAPAWs. The PAPAWs did not result in significantly greater community participation, satisfaction, or psychological impact compared with the users' own manual wheelchairs.
Limitations to these studies acknowledged by the authors included a small sample size and the 2-wk time frame for each phase, which may not have been adequate to detect the effects of the intervention. The authors suggested that future studies should include larger, more diverse samples and measurements collected over longer periods of time.
With this in mind, we decided to investigate the impact of PAWs over 16 wks and tested the following hypotheses:
1. Wheelers would travel significantly farther during the intervention phase than the baseline or follow-up periods. 2. Baseline wheelchair performance would not predict the response to the intervention. 3. Those with worse hand function would have more trouble controlling the PAWs, and therefore would see a significantly smaller change of distance in the intervention compared with baseline and follow-up than those with more normal hand function. 4. The distance traveled during the first 2 wks after receiving the PAWS would be significantly less than in the following 6 wks because wheelers would need a period to adjust to the PAWs. 5. The most functional wheelers (those with the highest ability to wheel in a test of wheelchair performance) would show the most difficulty adjusting, because their current manual wheelchair use was more likely to be satisfactory.
METHODS Design
This was part of a larger study to investigate the impact of PAWs on quality of life, participation, and psychosocial processes. A more detailed explanation of the study design has been reported elsewhere and will be briefly reviewed here. 21 The study was a 16-wk A-Preintervention, B-Intervention, A-Postintervention repeated measures design with participants serving as their own controls. Participants propelled their own manual wheelchairs during an initial baseline period (4 wks). This was followed by an 8-wk intervention period where subjects used the PAWs, and then a 4-wk postintervention period, where participants returned to their own manual wheelchairs. All aspects of this project were approved in advance by the appropriate university institutional board and were conducted in accordance with the Declaration of the World Medical Association.
Design Consideration

Choice of PAW
At the time of our study, there were two power assist systems available in the United States, the Yamaha JWII system (Yamaha Motor Corporation, Shizuoka, Japan), which is marketed as the Quickie Xtender (Sunrise Medical, Longmont, CO) in the United States, and the Alber E.motion M-12 PAWs built in Albstadt, Germany, marketed by Frank Mobility Systems in the United States (Oakdale, PA). The Xtender is only available on selected Quickie wheelchairs, whereas the E.motion wheels can be attached to most existing manual wheelchairs with the addition of small mounting brackets. By choosing the E.motion wheels, we were able to allow users to stay in their own wheelchairs in different phases of the study, only exchanging the conventional manual wheels for PAWs in the intervention phase. This eliminated the potential confound of different wheelchairs in different phases. The E.motion wheels and batteries together added a total of 53 lbs (22 kg) to the users' wheelchairs and ϳ6 cm to the total width.
Choice to Use Only the PAW During the Intervention Phase Rather Than Allowing Use of Both Paws and Manual Wheels
This study was influenced by the current U.S. Medicare policy that allows for reimbursement for one wheeled mobility device every 5 yrs (although some exceptions are permitted under special circumstances). This typically forces clinicians and wheelers to choose either a PAPAW or a manual wheelchair. To mimic patient and clinician choices, our design did not allow the use of the PAWs and manual wheels during the same phase of the trial. As a result, the design differed from that of Fitzgerald et al. 20 and Ding et al. 19 
Lengths of the Different Phases
At the time of the study, there was no set standard to determine the duration of each phase. Because only medically stable, experienced wheelers were recruited, it was expected that manual wheelchair performance would be relatively stable, and thus an initial 4-wk period would be sufficient. In contrast, none of our participants had experience using PAWs. There was a question of how wheelers might react to receiving the PAWs. It was possible that some users might be either enthralled by or resistant to the new technology. We thought that the longer 8-wk intervention phase would be adequate to allow full adjustment to the PAWs.
Participants
Inclusion/exclusion criteria: To determine eligibility, participants were evaluated by the primary www.ajpmr.com Power Assist Wheels vs. Manual Wheeling author, a physiatrist who gathered a medical and social history and examined the status of each participant's central and peripheral nervous systems, musculoskeletal system, cardiovascular system, and pulmonary system. Individuals were excluded if they were judged to be cognitively impaired to the extent that cooperation with the study protocol might be compromised. To be eligible to enroll, potential participants must have been full-time wheelers who were medically and functionally stable and at least 4 mos after injury/ disorder, and without expectation of significant further recovery or loss of abilities during the study period, as based on the natural history of the injury/disorder. Wheelers were 18 yrs and older and able to propel their own wheelchairs independently with their upper limbs and could not exceed 225 lbs (the weight capacity of the E.motion wheels).
Participants were required to demonstrate that their wheelchairs fitted with PAWs could be loaded into their usual mode of transportation. If the participants were accustomed to loading their own wheelchair independently, then they were required to do the same with the wheelchair fitted with PAWs. If the person relied on a helper to transport the chair, then the helper had to be able to transport the wheelchair equipped with PAWs; each participant received a total of $400 to compensate for their time, travel, and active participation in the study, in the form of monthly checks. Those who did not complete the study were paid a pro-rated amount proportional to their duration of participation. Participant flow is described in Figure 1 . Twenty-six individuals were recruited to participate in the study through advertisements in local newspapers and fliers placed in rehabilitation facilities and regional wheelchair sports/recreational events. One individual was initially excluded at the initial laboratory assessment when it became clear that he exceeded the weight limit of PAWs. Five other individuals were secondarily excluded during the baseline monitoring phase because of unwillingness to follow-up, complications of chronic diabetes causing frequent hospitalizations, and unwillingness to keep up with the demands to collect and transmit data as required by the study. Data from these participants were incomplete, and thus were not included in the analyses. Thus, the final sample consisted of 8 women and 12 men (mean age ϭ 43.1 yrs, SD ϭ 14.5 yrs, mean time since injury ϭ 17.8 yrs, SD ϭ 9.4 yrs). The primary diagnoses were five cervical spinal cord injuries, seven thoracic spinal cord injuries, two lumbar spinal cord injuries and one individual with juvenile diabetes and a transtibial amputation, one individual with sepsis of the knee and avascular necrosis of the hip, two individuals with multiple sclerosis, one with transverse myelitis, and one whose diagnosis was undetermined. A table with more demographic information is provided by Giacobbi et al. 21 Appropriate permissions were granted from local institutional review boards, and all subjects gave their informed consent in writing before inclusion.
Wheelchair Set Up: Each Wheelchair was fitted with special brackets (supplied by Frank Mobility) near the rear to allow attachment of the PAWs. A pair of commercially available bicycle computers (Cat Eye VDO Cytec C15; North America Cat Eye, Boulder, CO) was fitted to each chair. These devices used a magnet placed on each wheel and a corresponding sensor attached to the frame to monitor the number of revolutions completed by the wheel. Similar magnetic technology has been used in previous studies. [22] [23] [24] The distance traveled in kilometers was then calculated based on a calibration value relative to the diameter of the wheel. Participants recorded their daily distances by entering the value provided by the odometers into a daily log. The data from right and left wheels were averaged and used in subsequent analyses unless one of the units malfunctioned or was damaged. In that case, the data from the remaining unit were used. The logs were collected by staff members each week. In addition, participants e-mailed their data from each wheel to the investigators on a daily or weekly basis. Those without e-mail access were contacted by telephone. Except in instances when there was obvious damage or malfunction, distances recorded by the left and right odometers showed very little difference.
Measures of Physical Function
The presence or absence of a movement disorder in the hands was assessed using four items of the Unified Parkinson's Disease Rating Scale (UPDRS) motor examination subscales with a total value ranging from 0 to 16. 25, 26 The items were "handwriting," "fingertaps," "hand movements," (the subject opens and closes his or her hands in rapid succession with widest amplitude possible), and "rapid alternating movements of the hand" (the subject performs pronation-supination movements of hands vertically or horizontally, with as large an amplitude as possible, both hands simultaneously). The UPDRS depends on the rater's judgment of the participant's performance using a Likert scale. A rating of 0 generally corresponds with no impairment, 1, mild impairment; 2, moderate impairment; 3, severe impairment, whereas 4 generally corresponds to an inability to complete the task in a meaningful manner. The UPDRS items were chosen as a rapid method to characterize hand function, not to assess specifically for Parkinson's dis-ease (although abnormal test performance of one individual with spinal cord injury ultimately led the participant to seek a neurologic evaluation that confirmed Parkinson's disease).
Wheelchair performance was assessed by the times to complete the following laboratory tasks in their own wheelchairs at a self-selected free speed: (1) level propulsion over a flat surface for a distance of 100 m-four lengths of 25 m with three 180degree turns around a traffic cone; (2) a 40-m level propulsion task without turns over a flat surface;
(3) level propulsion over a thick (3/4") polyester carpet for a distance of 21 m-three lengths of 7 m with two 180-degree turns; (4) propulsion up and down a 6-m ramp (5 degrees in slope) three times with 180-degree turns made on level surfaces at the top and bottom of the ramp. A composite variable was formed that included each of these wheelchair performance variables. This composite technique was used because of high correlations among the measures (r ϭ 0.74 -0.93). The composite variable was calculated by transforming actual completion times into z-scores and summing across the tasks. The composite variable was strongly correlated with each of the individual tasks (r ϭ 0.50 -0.94). "High" and "low" functioning subgroups were created by splitting the sample at the median because the composite was normally distributed, no meaningful cutoff was evident in the data, and splitting at the median allowed equal sample sizes in between-group analyses that were performed.
Statistical Analyses
2 analyses and t test were used to analyze univariate demographic, wheelchair performance variables, and distance traveled measures by the wheelchair performance composite variable (median-split). Mixed model-repeated measures analysis of variance was used to analyze changes in daily distance traveled across phases of the trial to address each of the five stated hypotheses. 27 Mixed model analyses were chosen because of the intensive repeated measures design and statistical power within this framework, which depends on the frequency of observations and between-and withinperson change variances. 28 Over the length of the trial, individuals reported their travel each day, which resulted in a potential of 112 data points per participant. Mixed model analyses have been shown to be more robust to missing data than standard general linear model approaches where subjects are excluded listwise. 25 In other words, because so many points were collected and all available data are used, this method provides better estimates when data points were missing (e.g., the participant forgets to enter the data). If we had only collected the cumulative distance per phase, and that data point were lost, we would have lost the www.ajpmr.com Power Assist Wheels vs. Manual Wheeling entire participant data for further analyses. Model building steps included entering stepwise into the model (a) phase (baseline, intervention, and follow-up phases) to assess differences in distance traveled; (b) physical performance status (composite physical function score discussed previously) to assess differences in distance traveled, regardless of phase; and (c) interaction effects of physical functioning status by phase, to assess differential effects of PAW use by level of physical function. To investigate whether there was a learning curve or an adjustment period for wheelers when they transitioned into their wheelchairs equipped with PAWs, a second analysis was conducted using similar model building steps to examine differences in distance traveled within the intervention phase (weeks 1-2, weeks 3-4, weeks 5-6, and weeks 7-8). Full-information maximum likelihood estimation was used as part of the SPSS version 15.0 software to accommodate missing data in the models. The significance level for all statistical analysis was set at P Ͻ 0.05.
RESULTS
Descriptive Analyses
Compliance with the study protocol was robust. The percentage of missing data were 15.1% for the daily distance traveled, with no notable differences across the three phases of the trial. There were no missing data for the demographic and physical functioning variables. No potential participants were excluded on the basis of limited cognitive function that might have precluded cooperation with the study.
Sample characteristics and univariate analyses of all study variables are presented in Table 1 by wheelchair performance status ("high" vs. "low") using a median split. As would be expected, higher performing participants were younger (mean difference ϭ 16.70 yrs) and traveled greater distances during each phase of the trial (mean difference range ϭ 2.13-2.77 km ⅐ day Ϫ1 ) compared with lowperforming participants. These groups were similar in gender distribution, and no comparisons for race/ethnicity were performed because of small cell sizes (both groups were primarily whites). Because age was moderately correlated with the wheelchair performance composite (r ϭ Ϫ0.424, P ϭ 0.063) and distance traveled during the baseline phase (r ϭ Ϫ0.476, P ϭ 0.034), it was controlled for in all subsequent statistical models.
Finally, the primary outcome measure (daily distance traveled) was found to not be normally distributed. This variable was therefore log-transformed for subsequent multivariate analyses and back-transformed for interpretability.
Hypotheses 1 and 2: Distance Traveled
Our primary research question was whether participants traveled on average a greater distance during the intervention phase (with PAW wheels) compared with baseline and follow-up phases after controlling for age. Wheelchair performance was entered into the model as a continuous variable and main effect and interactions with phase were tested. After testing for fixed effects, random effects for time (i.e., random slopes) were entered into the model; however, the model was unable to converge (likely because of the relatively small sample size). Therefore, Model 1 in Table 2 presents the final fixed effects estimates excluding any random effects. Participants traveled significantly greater distances during the intervention phase compared with both baseline (mean difference ϭ 0.76 km ⅐ day Ϫ1 ) and follow-up (mean difference ϭ 0.88 km ⅐ day Ϫ1 ) phases. The main effect for wheelchair performance was also significant, indicating that participants with higher scores on the composite performance variable traveled greater distances across all phases of the investigation. To illustrate this point, highperforming participants (using the median-split convention; n ϭ 10) traveled, on average, 2.23 km ⅐ day Ϫ1 greater distance than low-performing participants (n ϭ 10). Wheelchair performance did not moderate the effect of the intervention on distance traveled across different phases of the investigation (baseline vs. intervention and intervention vs. follow-up). Figure 2 displays these trends graphically with physical functioning dichotomized at the median for ease of interpretation.
Hypothesis 3: Differences in Distance Traveled Based on Hand Function
The range for the sum of all four UPDRS tasks was 0 -9. Seventy percent of the summed scores were four or less (an average score of Յ1 per task), which corresponds to no more than mild impairment. It was felt that this did not represent a meaningful clinical or statistical range. Additionally, better hand function was correlated with higher scores on the functional composite variable (r ϭ Ϫ0.46, P Ͻ 0.05), indicating that variability in hand function was reasonably captured in the functional composite. Therefore, hand function was not used in subsequent analyses and the related hypothesis was not tested.
Hypothesis 4: Subphase Differences in Distance Traveled During Paw Use
This analysis described the course of change in distance traveled through the intervention phase and addressed questions related to participant adjustment to the PAW wheels. The 8-wk intervention phase was divided into four equal subphases (weeks 1-2, weeks 3-4, weeks 5-6, and weeks 7-8). Model building steps followed the same plan as in the previous analyses, controlling for age and exploring main effect, and interactions for wheelchair performance. The final model revealed significant subphase differences in distance traveled (F 3914.13 ϭ 3.04, P ϭ 0.03), with exploratory analyses revealing weeks 1-2 significantly lower than weeks 3-4 (mean difference ϭ 0.63 km ⅐ day Ϫ1 , P ϭ 0.03) and weeks 7-8 (mean difference ϭ 0.73 km ⅐ day Ϫ1 , P ϭ 0.01), and trending lower than weeks 5-6 (mean difference ϭ 0.45 km ⅐ day Ϫ1 , P ϭ 0.11). No other differences were observed between subphases. As observed in the previous model of distance traveled, the main effect for wheelchair performance was also significant (P ϭ 0.03), indicating that participants with greater performance, across all subphases, traveled greater distances.
Hypothesis 5: More Functional Wheelers Will Show the Most Difficulty Adjusting
Finally, wheelchair performance also moderated subphase differences in distance traveled during weeks 1-2 only (beta estimate ϭ Ϫ0.39, SE ϭ 0.13, df ϭ 914.51, t ϭ Ϫ2.95, P ϭ 0.003). The 
Model 2: Secondary Post Hoc Analyses
We encountered many anecdotal reports from participants indicating that PAW use did not uniformly impact distance traveled across all days; rather, during the intervention phase participants were able to opportunistically travel a greater distance on select days. This led us to perform a set of secondary, post hoc analyses. Individual SDs were calculated for each subject based on normal distance traveled during the baseline phase. A distance threshold criterion of two individual SDs above the participant's individual mean was set to represent days with "above-average" travel. The two individual SD thresholds were chosen as a strict criterion (P ϭ 0.05) to minimize "chance" occasions of high distance travel. Daily distances were converted into a binary indicator (1, if participant met criterion; 0, otherwise), and this new variable was used as the dependent variable. Table 2 shows that participants traveled significantly more days above the distance threshold in the intervention phase (14.7% of days) compared with both baseline (4.8% of days) and follow-up (7.7% of days) phases. The magnitude of this effect appeared greater than the raw distance traveled model presented previously. The main effect for wheelchair performance was not significant, indicating that participants of varying performance status, across all phases, were equally able to exceed the two individual SD thresholds. Wheelchair performance did, however, moderate phase differences in the distance threshold, such that lower performing participants displayed greater increase in the proportion of days above the distance threshold in the intervention phase compared with baseline and follow-up phases than higher performing subjects. To illustrate this point (using the median-split), lower performing participants exceeded the distance threshold on 16.1% and 11.1% more days during the intervention phase compared with the baseline and follow-up phases, respectively, whereas higher performing participants exceeded the threshold only 5.8% and 3.3% more days, respectively. Figure 3 displays this statistical interaction graphically.
Model 2 in
DISCUSSION
Wheelers in our study traveled significantly farther when they used wheelchairs equipped with PAWs than when they used their conventional manual wheelchairs. This was noted for both FIGURE 2 Mean distance traveled adjusted for age by phase for high-and low-performing groups. Note: Wheelchair performance is displayed here dichotomously (median split) to aid interpretation of the data.
wheelers with higher and those with lower baseline wheelchair performance. Moreover, the increased distance wheeled by participants in PAWs was not so much realized on a daily basis, but occurred on selected days when opportunities to travel further presented themselves. This is consistent with the results of our qualitative interviews with this cohort, 14 where the majority of participants perceived positive experiences with the PAWs including access to new and different activities and felt that PAWs provided more independence and social opportunities compared with their manual wheelchairs.
Our findings are somewhat at odds with those of Fitzgerald et al. 20 and Ding et al. 19 Several differences in the experimental design may account for the discrepancy. The first is that their wheelers only had access to the PAPAWs for 2 wks, a period that our more able wheelers appeared to be adjusting to the new technology. Second, in contrast to their wheelers, our participants had no choice but to adjust to the PAWs, because they did not have the option of continuing to use the manual wheels during our intervention phase. Although efforts were made to match the PAPAW with the users' own manual chairs, there is a possibility that comfort or familiarity issues influenced users' choices in their cohorts. Finally, it is possible that differences between the Xtender PAPAW and the E.motion PAW played a role.
A limitation of this study is that there was not a direct measurement of participation or activity.
Although the finding of increased distance traveled during the intervention phase suggest increased participation and activity, and is supported by the qualitative reports of our participants, 21 direct measurement that would quantify these effects would strengthen future studies. Although our sample size allowed meaningful within-person associations over time, 28 between-person analyses regarding wheelchair performance should be interpreted with caution given the relatively small sample size.
CONCLUSIONS
PAWs seem to have enabled wheelers to travel farther overall and to travel beyond their usual distances on more days. This was particularly likely in those whose manual wheelchair performance was more greatly impaired. Future studies may be strengthened by considering the adjustment phase for PAWs that occurs for at least some wheelers. The number of days traveled above a predetermined threshold may be a more sensitive measure of PAW impact than distance measured over different phases of an experiment.
